Clostridium difficile infection (CDI) is a major cause of health care-associated disease. CDI initiates with ingestion of C. difficile spores, germination in the gastrointestinal (GI) tract, and then colonization of the large intestine. The interactions between C. difficile cells and other bacteria and with host mucosa during CDI remain poorly understood. Here, we addressed the hypothesis that, in a mouse model of CDI, C. difficile resides in multicellular communities (biofilms) in association with host mucosa. To do this, we paraffin embedded and then sectioned the GI tracts of infected mice at various days postinfection (p.i.). We then used fluorescent in situ hybridization (FISH) with 16S rRNA probes targeting most bacteria as well as C. difficile specifically. The results revealed that C. difficile is present as a minority member of communities in the outer (loose) mucus layer, in the cecum and colon, starting at day 1 p.i. To generate FISH probes that identify bacteria within mucus-associated communities harboring C. difficile, we characterized bacterial populations in the infected mouse GI tract using 16S rRNA gene sequence analysis of bacterial DNA prepared from intestinal content. This analysis revealed the presence of genera of several families belonging to Bacteroidetes and Firmicutes. These data suggest that formation of multispecies communities associated with the mucus of the cecum and colon is an important early step in GI tract colonization. They raise the possibility that other bacterial species in these communities modulate the ability of C. difficile to successfully colonize and, thereby, cause disease.
very year, more than half a million people in the United States acquire Clostridium difficile infection (CDI). CDI initiates with ingestion of C. difficile spores, spore germination in the gastrointestinal (GI) tract, and then colonization of the large intestine (1) . Symptoms can range from diarrhea to the severe inflammatory condition known as pseudomembranous colitis or, in the most severe cases, toxic megacolon (2) . These pathologies likely involve multiple virulence factors, including toxins A and B.
Hosts employ a variety of mechanisms to resist infection of the GI tract by C. difficile. These include the colonization of the GI mucosa by microbial communities that interfere with C. difficile attachment and/or proliferation (3) . Recent experiments suggest roles in resisting CDI for a number of bacterial species in the GI tract (4, 5) . Resistance to C. difficile colonization can involve the inactivation of germinants (the molecules that cause the spore, the infectious form of C. difficile, to return to the vegetative state and produce toxins) (6) and production of inhibitory small molecules (7) . Members of healthy human GI tract microbiota may also stimulate host immune responses that prevent C. difficile establishment (8) . Competition for resources has also been suggested as a possible mechanism of C. difficile restriction (9) .
Typically, the appearance of CDI follows treatment of the patient with antimicrobial therapy, which is likely to significantly alter or reduce the gastrointestinal microbiota and, as a result, allow C. difficile to successfully colonize (10) . For example, an analysis of the microbiota in humans and mice with CDI suggested an association between the depletion of bacteria of the Ruminococcaceae, Lachnospiraceae, and butyric acid-producing Firmicutes species and active and severe C. difficile infection (4, 11) . Possibly, this reduction of the obligate anaerobic bacterial population is accompanied by a metabolic shift that creates an environment permissive for C. difficile germination and growth (12) (13) (14) . Antibiotic-induced dysbiosis also allows certain bacterial species to significantly increase in number (5, 10) . For example, in several experimental models, the loss of Lachnospiraceae correlated with increased abundance of Enterobacteriaceae family members (5, 15) .
The interactions between C. difficile and other bacteria, and with the host mucosa during CDI, especially at the onset of colonization, remain poorly understood. These interactions likely significantly influence the course of CDI and, potentially, relapsing disease. Nonetheless, recent evidence raised the possibility that C. difficile makes intimate contact with the mucosa and other members of the microbiota. For example, transmission electron microscopy revealed that during infection in the mouse, a mat of rod-shaped bacterial cells is found overlaying damaged microvilli (5) . Scanning electron microscopic analysis of cecum and colon samples of infected hamsters showed C. difficile-like bacteria associated with mucus, over both the tissue surface and crypt crevasses, forming aggregates (16) .
We hypothesize that, in the host, C. difficile resides in multicellular communities (biofilms) in association with host mucosa. Therefore, in this work, we sought to address two specific issues:
(i) the locations of C. difficile communities in relation to the GI mucosa and (ii) the population structure of C. difficile-containing communities.
MATERIALS AND METHODS
Mouse model. All animal procedures were performed in accordance with the NIH guidelines for housing and care of laboratory animals and were approved by the Loyola University Institutional Animal Care and Use Committee (approval no. LU108337 IACUC 10-007 P/D 012-10 Feb12/2010-2012 and LU 108337 IACUC10-043 P/D 061-10 Oct5/ 2010-2013).
C57BL/6 mice from Charles River Laboratories (Wilmington, MA) were housed and bred in the Comparative Medicine Facility at Loyola University Chicago. Mice (8 to 12 weeks old) were treated with antibiotics, including vancomycin (0.045 mg/ml), metronidazole (0.215 mg/ml), gentamicin (0.035 mg/ml), kanamycin (0.4 mg/ml), and colistin (850 U/ml), in sterile drinking water for 72 h and then were administered sterile drinking water without antibiotics for 48 h, followed by a single intraperitoneal injection of clindamycin (10 mg/kg of body weight). After 24 h, mice were challenged with 10 5 spores of epidemic C. difficile strain BI17/NAP1/027 by oral gavage (17) . Mice were monitored for disease symptoms (diarrhea and weight loss) and fecal C. difficile CFU levels. Mice were euthanized by CO 2 asphyxiation. Two mice were sacrificed at each time point (1, 2, 4, 6, and 8 days postinfection [p.i.]). A noninfected C57BL/6 mouse that recovered after antibiotic treatment at day 12 and mice not given antibiotics were used as controls.
Spore preparation. C. difficile strain BI17 was cultured anaerobically overnight in reduced-liquid brain heart infusion (BHI) medium supplemented with L-cysteine at 37°C. C. difficile was plated in a lawn on reduced blood agar plates and cultured anaerobically for 5 to 7 days at 37°C to induce sporulation. Vegetative cells were removed from sporulation cultures by pelleting cells in sterile phosphate-buffered saline (PBS) and then incubating them at 68°C for 2 h. Spores were washed 3 times with PBS, and CFU levels were determined by plating serial dilutions on brain heart infusion (BHI) agar containing taurocholate. Spore numbers were confirmed by phase-contrast microscopy.
Histology. Mouse GI tissue were removed and placed into Carnoy solution (18) with retention of feces. Three colon segments from the proximal colon (about 2 cm down from the cecum), the distal colon (about 1 to 2 cm up from the rectum), and the region between the proximal colon and the distal colon as well as cecum segments of approximately 1 to 2 mm were removed and placed into histology tissue cassettes which were processed according to a standard protocol, paraffin embedded (without formalin), and then sectioned longitudinally. Histology was examined by hematoxylin and eosin (H&E) and alcian blue staining of 3.5-m-thick tissue sections.
FISH. Probes used in fluorescent in situ hybridization (FISH) experiments were synthesized and purified by high-performance liquid chromatography (HPLC; Integrated DNA Technologies, Inc.) and are listed in Table 1 (19) (20) (21) (22) (23) (24) (25) . After paraffin removal, 3.5-m-thick sections were treated with 100 g/ml lysozyme and 20 U of mutanolysin (Sigma) in STE buffer (10 mM Tris [pH 7.4], 1 mM EDTA, 100 mM NaCl) for 1 h at 37°C and then rinsed three times in PBS buffer and once in 100% ethanol for 10 min. Sections were covered with 80 l of hybridization solution (30 mM Tris [pH 7.2], 0.9 M NaCl, 0.1% SDS) containing 100 ng of each probe and incubated overnight in the dark at 50°C. After hybridization, slides were washed three times for 10 min each time with prewarmed washing solution (100 mM Tris [pH 7.2], 0.9 M NaCl) and were then stained with Hoechst 33342 solution (Thermo Scientific). Finally, slides were rinsed with distilled water, allowed to dry at 40°C, and mounted in PermaFluor (Thermo Scientific).
Samples were imaged with a LSM 510 microscope (Carl Zeiss Inc.). Cy3-and Cy5-labeled probes were detected with a 561-nm-wavelength laser and a 633-nm-wavelength laser, respectively. Hoechst 33342 staining was detected with a 405-nm-wavelength laser. Images were processed using Zeiss LSM image examiner software.
Immunodetection of mucin. After the FISH procedure was performed, slides were blocked with 2% bovine serum albumin (BSA; Fisher Scientific)-PBS for 1 h at room temperature (RT). Rabbit antibodies against mucin 2 (H300; sc15334, Santa Cruz Biotechnology, Inc.) were added at a 1:50 dilution in PBS and incubated for 1 h at 37°C. Slides were washed 3 times for 10 min each time with PBS containing 0.1% Tween 20, and then goat anti-rabbit immunoglobulin conjugated with Alexa 488 (Molecular Probes) was added at a 1:100 dilution in PBS for 1 h at RT. Slides were washed two times with PBS containing 0.1% Tween 20, stained with Hoechst 33342 solution, rinsed with distilled water, and then mounted and imaged as described above. Alexa 488-conjugated antibody was imaged using an LSM 510 microscope and an Argon laser.
DNA extraction, 16S rRNA gene amplicon library preparation, and sequencing. After removing fragments of Carnoy-fixed tissue for preparation of paraffin sections, luminal contents from cecum and colon were combined for DNA extraction using a PowerSoil Mo Bio kit (Mo Bio Laboratories, Inc.). The protocol used for DNA extraction, with implemented modifications, is described in the guidelines of the Human Microbiome Initiative (26) . The DNA sample was stored at Ϫ20°C. PCR was performed using a TaKaRa Ex Taq enzyme mixture (Clontech) as described in reference 27. Specimens were multiplexed using barcoded primers 806rcbs1 through 806rcbs20 (27) . PCR products containing 16S RNA gene regions V4 and V5 were purified and pooled in equal amounts. Each pool of PCR products was subjected to gel purification and used for sequencing in an Illumina MiSeq machine according to the recommended protocol (27) . Reads were demultiplexed using Illumina software preinstalled on the MiSeq sequencer. Separate fastq files were generated for each specimen.
Microbial taxonomy analysis. Analysis of the microbiota was conducted according to an established standard procedure (28) . We utilized Mothur software (http://www.mothur.org/) (29) to generate a set of unique, filtered, high-quality trimmed reads for each sample while retaining data on the frequency of each unique read. After chimera trimming, we constructed both an abundance matrix of reference operational taxo- 
RESULTS
Visualizing C. difficile communities in the GI tract. To study the association of C. difficile cells with host mucosa and other bacteria in an infected animal, we employed the mouse model of CDI established by Chen at al. (31) . To visualize C. difficile in the GI tract of infected mice, we harvested tissue from the cecum and colon of mice at 1, 2, 4, 6, and 8 days postinfection (p.i.) and generated thick sections for analysis by microscopy. First, we visualized mucus in the sections using staining with alcian blue; second, we visualized the pathology with hematoxylin and eosin ( Fig. 1A to G). As expected in this infection model, we detected inflammation, edema, epithelial damage, and immune cell infiltration (Fig. 1A , C, H, and I). Next, using 16S rRNA probes, we localized bacteria in these sections by FISH. To visualize C. difficile, we employed a previously characterized C. difficile-specific probe (Cd198 [19] ). To identify most other bacteria, we used a well-characterized domain-specific probe (Eub338 [20] ) (Table 1) . We readily detected bacteria, and C. difficile in particular, in association with the mucus of the cecum and the large intestine (Fig. 2) . We found that in mucus-associated bacterial communities harboring C. difficile, C. difficile was a minority member of the population (as judged using the Eub338 probe) ( Fig. 2 and 3 ) (see also Fig. 5 ). The C. difficile cells had the morphology expected of vegetative cells (rods of about 4 m in length) and were labeled positively with both Cd198 and Eub338 probes. We think it is unlikely that our methodology would detect C. difficile spores, given that we were unable to visualize spores produced in a laboratory culture using our FISH protocol (data not shown). Nonetheless, we consider it plausible that spores are present in these communities, as discussed later.
We observed bacterial communities in cecum and colon sections beginning on day 1 p.i. The frequencies with which we observed these communities did not detectably differ between days 1 and 8 ( Fig. 2E to L) . We also did not see any differences in binding between animals by the use of the Cd198 and Eub 338 probes, at any single time point. We did not detect any binding either of Cd198 applied to sections from uninfected mice or of a nonsense probe (non-Eub) applied to sections from infected mice ( Fig. 2A and B) (see also Fig. 5A ). We quantified the number of C. difficile cells in mucus-associated bacterial communities by counting mucin-associated C. difficile cells in close proximity to the epithelium (i.e., separated from the epithelium by 150 m or less). As shown in Fig. S1 in the supplemental material, the numbers of cells per site differed significantly in both colon and cecum at every time point. On days 4 and 6 p.i., the numbers of cells slightly increased.
Bacterial communities harboring C. difficile were associated with regions of tissue showing pathology as determined by H&E staining (Fig. 1A and C) . Often, these communities were closely associated with massive neutrophil infiltrates (Fig. 1H and I and 2E to G and I). However, C. difficile was also present where tissue appeared healthy. Mucin-associated C. difficile cells were present at a lower density than cells in the lumen, defined operationally as those cells that were separated from the epithelium by at least 150 m (32) (see Fig. 5B ). We did not detect binding of the Cd198 probe in sections of the ileum.
Recent observations showed that mucosally associated bacteria can be present in an outer, loosely attached mucin layer in colon (32) . To determine whether communities harboring C. difficile occupy the mucin layer, we performed FISH using, in addition, Muc2 antibodies as a counterstain for mucin. As expected from our other results and previous observations, the inner (firm) mucin was largely free of bacteria (Fig. 3) (32) . We detected single C. difficile cells in the inner mucus layer very rarely (data not shown).
In the distal colon, all the bacterial communities that we observed were present at high density in the outer mucus, which was clearly demarcated from the rest of the luminal content (referred to as the "interlaced" layer by Swidsinski and colleagues [33] ) (Fig.  1F, 2F , H, J, and L, and 3B; see also Fig. S2 in the supplemental  material) . C. difficile-bearing communities in the proximal colon and in the region between the proximal colon and the distal colon were present but at a lower frequency than in the distal colon. In the cecum, we detected C. difficile cells and other bacteria attached to mucus which appeared to be only partly attached to the epithelium (Fig. 2G, I , and K; see also Fig. S2 ). Most likely, the partial attachment was due to the diarrhea that these animals experience. We rarely detected C. difficile cells attached to the surface of the epithelium in the cecum (Fig. 2) .
Microbial community profiling. Our results using FISH identified the presence of a complex bacterial community in animals infected with C. difficile. To begin to characterize this population by using more-specific FISH probes, we identified bacterial taxa in the GI tract, using 16S rRNA gene sequencing of bacterial DNA prepared from intestinal cecum and colon content.
A total 968,300 sequencing reads were generated from these samples, with an average of 74,484 Ϯ 11,474 reads per sample. In order to facilitate subsequent analysis, samples were normalized to equal numbers of reads (n ϭ 10,000). From these sequences, 6,870 operational taxonomic units (OTUs) were identified based on 97% DNA similarity. An average of 592 OTUs were identified per sample; 60 OTUs had a relative abundance of more than 1% in at least one sample. Good's coverage level results, achieved by sampling of 10,000 reads per sample, indicated that 94% of OTUs in our study were sampled more than once (34) . We assessed the bacterial community diversity in mice at various days p.i. using the Simpson diversity index (SDI), which measures the probabil- Fig. 1 ). Images were taken from a representative section. Hoechst 33342 was used to stain DNA (blue). Bacteria were visualized with the domain-specific Eub338 probe (red), and C. difficile cells were visualized with the C. difficile-specific Cd198 probe (green). E, epithelial cells; im, the inner mucin layer in colon. Bars, 10 m. Brackets indicate locations of bacterial communities on the mucin layer. ity that two bacteria randomly selected from a population would belong to the same species (35) . The intestinal microbiota of uninfected mice had a diverse community (SDI Ͻ 0.1), while antibiotic treatment followed by C. difficile infection drastically reduced the community diversity (Fig. 4A ). We observed the lowest level of diversity at days 1 and 2 p.i. Days 4 to 8 p.i. were characterized by a slow increase in community diversity, consistent with the process of partial recovery from infection, but the SDI determined for the infected mice still differed from the SDI for the uninfected mice as well as from the SDI for a mouse that recovered after antibiotic treatment (Fig. 4A) .
Since the gut bacterial community was clearly affected by antibiotic treatment, we used a phylotyping approach to study the temporal dynamics of the GI tract microbial community. Sequences were assembled into phylotypes according to their genuslevel classifications.
A Bray-Curtis similarity matrix was constructed using the square root-transformed standardized values of genera abundances and was used to visualize the spatial distribution of samples in a principal coordinate analysis (PCoA). PCoA (Fig. 4B) identified 3 groups defined by a 60% similarity between samples. Each community in each group was at least 60% similar to the other communities in its group based on the Bray-Curtis similarity index. The fact that these groups were significantly different was confirmed by analysis of similarities (ANOSIM) (P ϭ 0.001). Group 1 included samples collected at days 1 and 2 p.i. Group 2 contained samples collected at days 4, 6, and 8 p.i. Group 3 contained samples collected on the 8th day p.i. from uninfected mice, from antibiotic-treated but uninfected mice, and from one fully recovered mouse. Principal coordinate 1 (PC1) accounts for 61.6% of the total variation and separates the infected and control samples. PC2 (capturing 18.6% of the total variation) separates the samples taken at days 1 and 2 after infection from the later samples (days 4, 6, and 8 p.i.), indicating the percentage of total variation attributable to partial recovery of the bacterial community composition.
To identify genera that differed in abundance among groups 1, 2, and 3, we used the Metastats methodology (30) . After correction for false discovery, we defined the P value cutoff for differentially abundant genera as Ͻ0.01. Comparison of groups 1 and 2 revealed 7 differentially abundant genera. Members of the Clostridium XVIII cluster and the genus Parabacteroides were decreased in abundance in group 2 compared to group 1, while the abundances of the genera Blautia, Anaerostipes, and Lactobacillus increased in group 2 compared to group 1. We detected 14 genera that were differentially abundant between groups 2 and 3. Members of the genus Bacteroides, along with members of the genera Blautia, Anaerostipes, Proteus, and Parabacteroides, were significantly decreased in abundance in group 3 compared with group 2. We found only a small increase in the abundance of the minor genera Oscillibacter and Dorea in group 3 compared with group 2 (see Table SA1 in the supplemental material). Antibiotic treatment, followed by C. difficile infection, significantly affected bacterial community composition. We observed the highest level of Bacteroidaceae (70%) at day 1 p.i. (Fig. 4C) . Moreover, Bacteroidaceae (including the genera Alistipes and Bacteroides) remained the most abundant group throughout the course of disease (day 1 to 8 median abundance, 50%). At days 1 and 2 p.i., members of the Enterobacteriaceae (day 1 to 2 median abundance, 6%) and Enterococcaceae (day 1 to 2 median abundance, 1% to 5%) (genus Enterococcus) families, the unclassified Betaproteobacteria (median abundance, 17%), and the Clostridium XVII cluster (median abundance, 11%) (Erysipelotrichaceae family) were also abundant. At days 4 to 8, in addition to Bacteroidaceae, the families Lactobacillaceae (day 4 to 8 median abundance, 7%) (genus Lactobacillus), Porphyromonadaceae (median abundance, 9%) (genus Parabacteroides), and Lachnospiraceae (median abundance, 12%) (genera Blautia and Clostridium XIV cluster) represented more than 10% of the total number of sequences ( Fig. 4C ; see also Table SA2) .
FISH with group-specific probes. The results of microbial community profiling allowed us to choose 16S rRNA gene-specific fluorescent probes to identify bacteria within mucus-associated communities harboring C. difficile (Table 1) . We selected probes specific to already known mucus-associated bacterial genera. Each of these genera represented more than 10% of the community at several stages of disease. Colabeling of mouse intestinal samples with the Cd198 probe and one of the group-specific probes allowed us to visualize bacteria present in C. difficile communities (Fig. 5) .
Using the Bac303 probe to localize the most abundant bacteria belonging to the family Bacteroidaceae, we detected small rodshaped bacteria in the mucus, in samples from both the distal colon and cecum (Fig. 5C ). The densities of the Bac303-positive communities varied depending on location. The highest density of Bac303-positive bacteria was detected in the lumen at 1 to 2 days p.i. We found that Enterobacteriaceae-containing communities (in experiments using the Ent183 probe) were mostly in the interlaced layer of the distal colon (Fig. 5D ). These communities were associated with loose mucus and contained rod-shaped bacteria. At 4 to 6 days p.i., we found that the luminal content stained intensely with the Ent183 probe. We detected members of the Lactobacillaceae and Enterococcaceae at low density (using the Lab158 probe) on loose mucus in the cecum as well as in the distal colon, rarely in association with sites of pathology (Fig. 5F ). Bacteria that stained positively with the Lab158 probe formed small aggregates and were abundant in the lumen at day 4 p.i. (Fig. 5B) .
Using the Erec482 probe, we detected members of Clostridium coccoides-Eubacterium rectale group often in communities associated with pathology. These bacteria appeared to be significantly smaller in size than other bacteria in these communities and were present at low density in any given community (Fig. 5E ). We also detected bacteria with this probe in the lumen at day 6 to day 8 p.i. Application of group-specific probes to samples from uninfected mice as well as to samples from antibiotic-treated but uninfected mice allowed detection of the groups of bacteria which were most abundant on the basis of the results of microbiota profiling ( 
DISCUSSION
In this study, we used FISH and 16S rRNA gene sequence analysis to draw four major conclusions about CDI in the mouse: (i) during infection, C. difficile is found in communities in the cecum and colon, starting at day 1 p.i.; (ii) these communities are associated with the loose, outer layer of the mucus; (iii) C. difficile is a minority member of these communities; and (iv) the communities contain bacteria of several families of Bacteroidetes and Firmicutes. Our observation of the locations of C. difficile during infection is consistent with the findings of Neumann et al., who identified C. difficile associated with mucosa at low density in vivo, using confocal laser endomicroscopy and FISH with a C. difficile-specific probe, in colonic biopsy samples (36) . In contrast to the results reported by Lawley and colleagues (5), we did not detect dense mats of cells covering damaged enterocytes. Rather, we found that C. difficile forms mucin-associated communities in the cecum and colon up to at least 8 days p.i. We did not detect any C. difficile cells in direct association with the epithelium or within crypts, as was shown previously (16) . This difference could be explained by differences in our infection models and/or properties of the strain we used for infection. Differences in the distributions of different strains have been documented in the hamster model previously, in that C. difficile strain 630 was associated predominantly with the deep crypts and strain B1 was found primarily within the mucosal tissue associated with inflammatory cells (37) .
Our finding that C. difficile is associated with other species is an important outcome of this study. We found that bacterial communities harboring C. difficile contain bacterial species belonging to multiple Bacteroidetes and Firmicutes families. The potential for significant impact of specific components of the microbiota on C. difficile pathogenesis, in terms of both the course of disease and overall severity, is an important emerging concept. Several studies found overall changes in the composition of the microbiota during CDI that resembled those found here, although the specific bacteria were not always identified (4, 15, 38, 39) . Lawley and colleagues documented that antibiotic treatment and C. difficile infection affect bacterial community structure, causing a depletion of numbers of obligate anaerobic bacteria and a bloom of facultative anaerobes, including Enterobacteriaceae (5). As another example of this effect, clindamycin treatment in mice was found to cause an increase in the abundance of members of the Enterobacteriaceae family and of enterococci (40) . A similar result was also demonstrated in a chemostat model, where C. difficile germination and proliferation after ceftriaxone treatment were associated with a reduction of Bifidobacterium species population levels and an increase in Enterococcus species population levels (41) .
We interpret our results as suggesting that the presence of C. difficile communities in mucus is a key step in the pathogenesis of CDI. In this regard, it is interesting that about 1% of the microbiota resident in humans can use mucin as a carbon source (42) . An interesting speculative possibility is that the species composition of the communities that we detect at the mucus is, at least in part, an adaptation that allows community members to metabolize mucin. Members of Bacteroides, Bifidobacteria, Enterobacteria, and Clostridia can participate in mucin degradation (42) (43) (44) . The possibility that mucin degradation is specifically involved in pathogenesis is supported by data from studies of both Salmonella and C. difficile bacteria, which can use mucin-derived monosaccharides, available due to dysbiosis, to invade the host GI tract (12) . Mucin degradation requires multiple enzymatic activities which, plausibly, could come from contributions by several community members.
This study raised an important question: are C. difficile spores present in the communities that we identified in the mucosa? Our inability to detect spores with our current methodology is a limitation of the present study and is under investigation in our laboratory. Nonetheless, results of studies of C. difficile communities formed in laboratory cultures (biofilms) suggest that, at least under those conditions, spores are readily formed (45, 46) . Therefore, it is plausible that spores are present in C. difficilecontaining communities in the mucosa during infection. This could have important implications for recurrent disease, as spores can persist for very long periods of time and are insensitive to antibiotics. Therefore, they are potential causes of recurrent disease (1) .
Our data show that C. difficile is present with other bacteria in harvested from infected animals on days 1, 2, 4, 6, and 8 p.i. or from animals that were left uninfected (UI) or were treated with an antibiotic (AtbT). A Bray-Curtis similarity matrix was constructed from samples standardized using total and square root-transformed data. The encircled clusters represent groups of related samples. (C) Distributions of bacterial families representing at least 10% of the sequences. DNA for analyses was harvested from mouse GI tracts at 1, 2, 4, 6, or 8 days p.i. Two mice were analyzed at each day as indicated (1d-1 represents one of the two mice analyzed on day 1, 1d-2 represents the other mice analyzed on day 1, etc.). Controls: DNA from an antibiotic-treated but uninfected mouse, 12 days after cessation of antibiotics, and DNA from GI tract and feces from non-antibiotic-treated, uninfected mice. discrete communities within the outer mucin layer of the GI tract during CDI. The identities of these bacteria, and their specific interactions with C. difficile, are likely to be important factors with respect to pathogenesis and disease outcomes. Microbial community profiling reveals a rich population structure in the GI tract and raises the possibility that many more species remain to be identified within C. difficile-containing communities. We expect that the application of additional 16S rRNA gene probes targeting high-level taxa to better characterize the composition of these communities will reveal important information regarding the local environment of C. difficile in the host during infection and will provide useful insights into improved treatment of CDI.
